Recycling of rare earth magnet scrap is required for improving resource conservation. Removal of rare earth oxide from off-specification magnet alloy scrap was investigated by remelting the scrap together with fluoride flux, LiF50 mol% NdF 3 and LiF25 mol% NdF 3 25 mol% DyF 3 , at 1503 K for the development of novel recycling process. As a result, separation of magnet alloy from fluoride flux after remelting was fine, and neither suspension of alloy in the flux nor suspension of flux in the alloy was observed. Oxygen concentration of alloy decreased from 5000 to 160 mass-ppm by charging flux of 1.5 times of equivalent amount for complete dissolution of oxide. Substitution of neodymium in the alloy and dysprosium in the flux was observed. The investigated process should be utilized for mildly contaminated waste such as a used (endof-life) magnet because of simple process, energy saving and unlimited location.
Introduction
Neodymium (Nd)iron (Fe)boron (B) sintered magnet, a key device for solving environmental problems and energy problems, was developed in Japan, and the mass production was also realized. 1) At present, Japan is a major production country of the magnet in the world. However, the raw materials (rare earth oxides and rare earth metals) are imported, and the resource is scarce. Therefore, recycling of rare earth waste is required.
The major recycling process for magnet waste is based on a hydrometallurgical method.
2) The flow of recycling process is shown in Fig. 1 . The magnet wastes are dissolved in acid solution such as sulfuric acid at first. Iron is precipitated to be removed by charging much alkali solution. A rare earth element isolated by using solvent extraction is precipitated as oxalates to be recovered. The oxalate is oxidized into an oxide to be a raw material of molten salt electrolysis. Rare earth metals are regenerated by using the molten salt electrolysis. Rare earth metals with trace oxygen (major impurity of magnet waste) are regenerated in the recycling process. Separation of rare earth elements is also possible. However, much waste water is generated because not only rare earth metals but also iron is dissolved by using acid solution. Furthermore, energy consumption is huge because molten salt electrolysis requires much electricity. Location for recycling operation is also limited to a country bearing a smelting facility for rare earth metals.
Many research activities are carried out in Japan in order to solve the problem of current recycling process and to develop a feasible process in Japan.
312) The challenges are briefly introduced in a previous article 13) although no process is put into practical use at this stage.
Based on the background, the authors developed a novel recycling process for the magnet alloy waste. The flow of the process is shown in Fig. 2 . The most harmful impurity for recycling is oxygen, and oxygen concentration in the alloy should be decreased. The magnet alloy waste is melted together with fluoride flux such as LiFNdF 3 mixed salt. Rare earth oxide contained in the waste reacts with rare earth fluoride in the flux to be rare earth oxyfluoride. The oxyfluoride dissolves into the fluoride flux to be oxyfluoride ion.
13)
Refined alloy is used as a master alloy for magnet production. Rare earth oxide extracted in the flux is converted into rare Fig. 1 Representative current recycling process for solid scrap generated in the production process of rare earth magnet.
2)
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earth metals by using molten salt electrolysis. The flux recovered after the electrolysis is returned to extraction process. The recycling process is highly feasible from the industrial point of view because (1) the reactor is very simple, (2) the liquid-liquid separation (molten fluoride/molten alloy) is suitable for massive treatment, (3) the energy consumption is low by recovering most alloy without oxidation, (4) no waste solution is generated. The most important requirement for the flux is high solubility of rare earth oxide in molten fluoride in the extraction process. Therefore, the authors previously investigated the phase equilibria between molten fluoride and rare earth oxide. 13) As a result, solubility of Nd 2 O 3 in LiF 50 mol% NdF 3 at 1473 K was estimated to be 7.4 mass%. Solubility of Dy 2 O 3 in LiF50 mol% DyF 3 at 1473 K was estimated to be 7.6 mass%. Based on the investigation, the extraction of rare earth oxide using molten fluoride from actual magnet alloy waste is tried in this study.
Suitable remelting temperature is briefly discussed below. An intermetallic compound Nd 2 Fe 14 B, the matrix of the magnet alloy, decomposes to £-Fe and liquid NdFeB phase at 1454 K (1181°C) by peritectic reaction.
14) The fluidity of the alloy arises over the peritectic point, and rare earth oxide captured in the alloy is liberated. Therefore, the remelting temperature should be over the peritectic point. In this study, the remelting temperature was determined to be 1503 K from preliminary experiments. An iron crucible can be used in this process because a melt containing rare earth metals equilibrates with £-Fe.
Experimental
Sample preparation
Off-specification magnet scrap with a nickel coating film was used as a magnet alloy waste. The nickel coating film was mechanically removed, and the scrap was crushed to chips with 35 mm diameter. SEM image of cross section of the chip is shown in Fig. 3(a) . An elemental mapping for oxygen by using EDX analyzer is also shown in Fig. 3(b) . Dark matrix phase (Ln 2 Fe 14 B, Ln = Nd, Pr, Dy) and light inclusion phase were observed on the SEM image. Oxygen and rare earths were concentrated in the inclusion. Therefore, the matrix should be decomposed in order to liberate the inclusion. In an experiment, Fe24 mass% Nd (Fe11 mol% Nd) alloy was prepared to be used as a simulated material of magnet alloy.
Lithium fluoride (LiF, 98% purity), neodymium fluoride (NdF 3 , 99.9% purity) and dysprosium fluoride (DyF 3 , 99.5% purity) were used for preparing fluoride flux. The fluorides were mixed to compositions of LiF50 mol% NdF 3 and LiF 25 mol% NdF 3 25 mol% DyF 3 . The mixed salt was charged into an iron crucible (99.8% purity) and fused at 1473 K for 3 h under argon.
Experimental procedure
Experimental apparatus and conditions are shown in Fig. 4 and Table 1 , respectively. The magnet alloy waste contained about 5000 mass-ppm oxygen ("mass-ppm" is abbreviated as "ppm" below). For instance, 1 kg of magnet alloy contains about 5 g of oxygen. If the oxygen exists as Nd 2 O 3 , 35 g of Nd 2 O 3 is contained in the alloy. About 470 g of fluoride flux is required for complete dissolution of Nd 2 O 3 because solubility of Nd 2 O 3 in LiF50 mol% NdF 3 at 1473 K is 7.4 mass%. The amount of flux for complete dissolution is described as "equivalent amount" below. In experiment A and B series, flux of 0.5 and 1.5 times of equivalent amount were charged into the crucible, respectively. In experiment C series, flux of LiF25 mol% NdF 3 25 mol% DyF 3 was used.
The flux was charged in the same ratio to experiment A series although the solubility of oxide in the flux is not known.
The magnet waste and fluoride flux were put into an iron crucible (99.7% purity, 10 mm inner diameter, 10 mm depth) under argon to be sealed by TIG welding. The iron crucible was put into a stainless steel container (SUS 310S in JIS standard) to be sealed in the same manner. The stainless steel container was set in a vertical tube electric furnace under argon, and the sample was held at 1503 K (1230°C) for 43.2 280.8 ks (1278 h). The simulated alloy (Fe24 mass% Nd alloy) mentioned above was also used.
After the experiments, the stainless steel container was removed from the furnace and quenched in water. The iron crucible was mechanically recovered and was vertically cut into 2 pieces to be subjected to the analysis. One piece mounted in resin was polished by using emery papers and diamond pastes (1 µm), coated by gold evaporation and analyzed by using a scanning electron microscopy and an energy dispersive X-ray analysis (SEM-EDX). Alloy and flux were recovered from another piece of iron crucible and analyzed by using a powder X-ray diffraction analysis (XRD) for phase determination, an inert gas fusion-infrared absorption method (TC-436, LECO Co.) for oxygen analysis, and an inductively coupled plasma-atomic emission spectroscopy (ICP-AES) for chemical analysis. In the oxygen analysis, sample (about 0.1 g) recovered from 3 positions of the alloy was put into a nickel capsule (0.5 g) and burned in a graphite crucible. In the chemical analysis, samples (about 0.1 g) were dissolved in a nitric acid to be subjected to analysis for neodymium, praseodymium, dysprosium, iron and boron.
Results and Discussion
Separation of alloy and flux after remelting
Photographs of cross section of iron crucible after the experiment are shown in Fig. 5 . Abscissa shows holding time. Upper, middle and lower column shows Exps. A, B and C, respectively. Alloy settled down and flux floated in all experiments. Interface between the alloy and flux was clear, and neither suspension of the alloy in flux nor suspension of the flux in alloy was observed in visual observation. Wettability between alloy and iron crucible was good. Namely, the alloy was finely separated from the flux.
SEM image of the interface between alloy and flux is shown in Fig. 6 . The interface was clear even from the microscopic observation. Also no mutual suspension between the flux and alloy was observed even in the local analysis.
Extraction and removal of oxide from magnet waste
XRD patterns of flux after the experiments (held for 24 h) are shown in Fig. 7 . Neodymium oxyfluoride (NdO 0.575 F 1.85 in JCPDS database) was identified in any flux. It was considered that Nd 2 O 3 in magnet waste reacted with NdF 3 in the flux to form the oxyfluoride. Namely, Nd 2 O 3 in magnet waste was removed into the flux. In Exp. C (Fig. 7(c) ), small peaks of LiDyF 4 were found.
The oxyfluoride in the flux was also confirmed by using SEM-EDX (Fig. 6 ). Round phase of light gray color is the oxyfluoride in the figure. The size of the phase in Exp. B was smaller than that in Exp. A. This may be because oxyfluoride was dispersed by adding much flux.
Oxygen concentrations in the alloy (average of 3 positions in a piece) after the experiments are shown in Fig. 8 . Extraction ratio of oxygen from magnet waste is also shown in right ordinate in the figure. In Exp. A, after 12 and 24 h Minimum concentration for 72 h holding was 160 ppm. The extraction ratio exceeded 90%. In Exp. C, the decrease of oxygen concentration does not show significant tendency. When pellets of neodymium oxyfluoride were immersed in molten fluoride in the previous study, the pellet incompletely dissolved into the fluoride even after 24 h holding. 13) Namely, it takes long time for complete dissolution of oxyfluoride under static condition. Hence, it might take long time to decrease oxygen concentration in the present experiments. The dissolution rate should be increased for practical application by employing an additional device to give strong agitation of the melts.
Residual oxygen concentration in the alloy in Exp. B was lower than that in Exp. A as described above. This difference may be because of less and more addition of fluoride than equivalent amount in Exp. A and Exp. B, respectively. In other words, it was estimated that oxyfluoride completely dissolved into molten fluoride and the activity of oxyfluoride decreased under unity (in the pure liquid standard state) in Exp. B.
Previous reports for deoxidation of neodymium metal are summarized in Table 2. 1520) Mattocks et al. tried deoxidation of neodymium metal by using Solid State Electrotransport method (SSE). 15) High current (ex. 300 A) was passed through a rod sample of 6 mm diameter under ultrahigh vacuum (ex. 4 © 10 ¹8 Pa), and impurities were concentrated in one end in the method. 21) 45 ppm oxygen decreased to 14 ppm by the processing at 11131162 K for 789 h. However, SSE is not suitable for the deoxidation of magnet waste because high energy is consumed and initial oxygen concentration of sample must be considerably low. Corbett et al. removed oxygen from neodymium metal by using neodymium chloride (NdCl 3 ) to form the oxychloride. 16) 1599 ppm oxygen deceased to 155 ppm by the processing at 1063 K for 257 h. The processing requires long time because the diffusion of oxygen in a solid sample requires long time under the melting point of neodymium (1289 K 22) ). Kamihira et al. tried the deoxidation by using calcium metal as a deoxidation agent. 18) 830 ppm oxygen decreased to 205 ppm by the processing in a calcia crucible at 1143 K for 18 h. However, contamination by calcium is concerned in the method due to the direct contact of calcium with neodymium although the calcium concentration in neodymium after the deoxidation was not described in the report. Sano et al. removed oxygen by using the formation of oxyfluoride in the same manner to the present study. 19) 900 ppm oxygen decreased to 200 ppm by the processing at 1723 K for 3 h. Neodymium is liquid at the holding temperature. Therefore, prompt deoxidation was realized because of fast transportation of oxygen. But operation temperature must be higher than melting point of NdF 3 (1650 K 22) ) by using pure NdF 3 as the flux. Okabe et al. tried the deoxidation by polarizing neodymium cathodlically in molten calcium chloride (Electrochemical Deoxidation). 20) About 3.4 V was applied between neodymium cathode and graphite anode at 1073 K for 10 h, where current of about 2.0 A was passed. As a result, 1850 ppm oxygen decreased to 20 ppm. But neodymium was contaminated by calcium whose concentration reached to 0.26 mass%. Furthermore, it is unclear if magnet alloy wastes with diverse shape are homogeneously deoxidized or not.
In the present study, 5000 ppm oxygen decreased to about 200 ppm by the processing at 1530 K for 72 h. The refined alloy is applicable for practical use because oxygen concentration is lower than that in a virgin neodymium of almost 500 ppm. Furthermore, the present process is suitable for massive treatment because the magnet alloy waste is molten.
Substitution of rare earths between alloy and flux
Rare earth content in the alloys after the experiment is shown in Fig. 9 which shows mole number of rare earths per 100 g of alloy (average of 2 to 3 experiments) against holding time. In Exp. A, neodymium increased, praseodymium decreased and dysprosium did not change. Increased amount of neodymium was almost same to decreased amount of praseodymium. It was considered that praseodymium in the alloy was substituted by neodymium in the flux. On the other hand, the contents of other elements such as iron and boron did not change after the experiment. In Exp. B, neodymium increased, praseodymium decreased and dysprosium did not change in the same manner to Exp. A. In Exp. C, neodymium and praseodymium decreased and dysprosium increased. It was considered that praseodymium and neodymium in the alloy were substituted by dysprosium in the flux because the contents of other elements did not change after the experiment. SEM image of cross section of the alloy after the experiment is shown in Fig. 10 . Compositions determined by point analysis of EDX are also shown in the figure. Matrix phase of iron-rare earth alloy, rare earth rich phase and almost pure iron phase were observed in any samples. But dysprosium concentrations in the matrix phase and rare earth rich phase in Exp. C were significantly higher than those in Exp. A and B. This result was well consistent with the result of ICP analysis.
The verification for the substitution of rare earths was carried out by using Fe24 mass% Nd (Fe11 mol% Nd) alloy and DyF 3 . Following reaction was thermodynamically expected. Nd ðin alloyÞ þ DyF 3 ðin flux) 
Where ÁG ð2Þ is Gibbs energy change of reaction (2), ÁG
is standard Gibbs energy change of reaction (2) . R is gas constant, T is absolute temperature and a i is activity of component i. ÁG
ð2Þ is calculated to be +17.2 kJ·mol ¹1 at 1573 K from a thermodynamic compilation. 22) In the composition of Fe11 mol% Nd, FeNd solution equilibrates with £-Fe at 1573 K, 23) and the a Nd is estimated to be 0.19 (in the pure liquid standard state) from the extrapolation of the value measured by Nagai et al. 24) If all neodymium is substituted by dysprosium, Fe11 mol% Dy alloy is formed. In the composition, Fe 17 Dy 2 intermetallic compound equilibrates with £-Fe at 1573 K, 25) and the a Dy is 0.0092 (in the pure solid standard state) from the value measured by Nagai et al. 26) ÁG ð2Þ is calculated to be ¹22.4 kJ·mol ¹1 at 1573 K by assuming a NdF 3 ¼ a DyF 3 ¼ 1. Namely, reaction (2) proceeds to right-hand side.
In the verification experiment, the FeNd alloy was fused together with DyF 3 (m.p. 1430 K) and held at 1573 K for 24 h. Composition of alloy and XRD pattern of flux after the reaction are shown in Table 3 and Fig. 11 , respectively. Concentration of neodymium decreased from 24.4 to 7.8 mass%, and concentration of dysprosium increased from <0.1 to 17.7 mass%. Furthermore, NdF 3 and Nd 4 O 3 F 6 were formed, and DyF 3 disappeared. Namely, substitution of neodymium and dysprosium between alloy and flux occurred in the simplified system.
Characteristic of the recycling process of this study
Recycling processes previously investigated are classified to (a) extraction type: pure rare earth metals are regenerated by extracting rare earths from wastes, 311) and (b) refining type: alloys containing rare earth are regenerated by removing harmful elements from rare earth wastes. 2, 13) The advantage and disadvantage of the processes are summarized in Table 4 .
Extraction type recycling has advantages that pure rare earth metal is obtained since separation of rare earth elements is available and removal of heavily-concentrated impurities is possible. On the other hand, the recycling has disadvantages that long time and huge energy are required for processing, environmental burden is high and location for processing is limited.
Refining type recycling has disadvantage that precise control of composition of regenerated alloy is difficult when various wastes are mixed. On the other hand, the recycling has advantage that time for processing is short, energy consumption is small and location for processing is not limited.
There are various type of magnet wastes. Extraction type recycling is suitable for a heavily contaminated waste with *Determined by using ICP-AES. oxygen such as sludge generated in cutting process. On the other hand, refining type recycling is suitable for a mildly contaminated waste such as a used (end-of-life) magnet. The refining type recycling should be frequently utilized because the used magnets will be drastically generated in near future.
Conclusions
Removal of rare earth oxide from off-specification magnet scrap was investigated by remelting the scrap together with fluoride flux (LiF50 mol% NdF 3 and LiF25 mol% NdF 3 25 mol% DyF 3 ) at 1503 K for the development of refining type recycling process. As a result, separation between the magnet alloy and fluoride flux after remelting was fine, and neither suspension of alloy in flux nor suspension of flux in alloy was observed. Oxygen concentration of the alloy decreased from 5000 to 160 ppm by charging the flux of 1.5 times of equivalent amount. Substitution of neodymium in the alloy and dysprosium in the flux was observed. The investigated process should be frequently utilized particularly for mildly contaminated wasted such as a used (end-of-life) magnet because time for processing is short, energy requirement is small and location for processing is not limited.
